ABSTRACT Wing-coupling apparatuses of Þve species of cereal aphids [western wheat aphid, Diuraphis tritici (Gillette); corn leaf aphid, Rhopalosiphum maidis (Fitch); bird cherry-oat aphid, Rhopalosiphum padi (L.); greenbug, Schizaphis graminum (Rondani); and the English grain aphid, Sitobion avenae (F.)] were examined under a scanning electron microscope. The scanning electron micrographs showed that the wing-coupling apparatuses of the Þve cereal aphid species were similar to the structure found in the Russian wheat aphid, Diuraphis noxia (Mordvilko). The wing-coupling apparatuses were composed of a forewing fold and a set of spiral-shaped (or twice-curved) hindwing hamuli. The hindwing hamuli were not Þsh hook-like (or once-curved) structures. Previous lightmicroscopy description of Þsh hook-like hamuli was the result of limited resolving power and Þeld depth of light microscopy. The number of hamuli varied among and within the aphid species. An asymmetric number of the hamuli between the left and right hindwings were also found in all aphids. Rhopalosiphum padi and D. tritici had the least number of the hamuli, ranging from one to four, whereas S. avenae had the most hamuli, ranging from Þve to seven. Wing-coupling mechanisms and possible use of the hamuli as a taxonomic character are discussed.
WING-COUPLING APPARATUSES ARE common in several orders of insects, including Lepidoptera, Hymenoptera, Mecoptera, Trichoptera, and Hemiptera (Chapman 1982) . These specialized structures on both foreand hindwings link together during ßight and play important roles in insect dispersal and migration. Many lepidopteran adults, such as the imported cabbageworm, Pieris rapae (L.), have a greatly expanded humeral area on their hindwings that couples to the forewings when engaged in ßight. The expanded humeral area of the hindwing, which is strengthened with humeral veins, attaches to the anal part of the forewing to make both wings function as one (Comstock 1918) .
In addition to its well-known biological function in insect ßight, the wing-coupling apparatuses are also used as an invaluable taxonomic character in the classiÞcation of moths and butterßies, trichopteran and hymenopteran adults (Chapman 1982) . In addition, the retinaculum on forewings and the frenulum on hindwings of the moths are also sexually dimorphic in noctuid moths. Female noctuids have a greater number of symmetric frenula on their hindwings compared with males (Chapman 1982) . However, because of the relatively small size, the ultrastructure of the wing-coupling mechanism in homopteran insects, in particular sternorrhynchan insects, has not been completely described. Pesson (1951) described three types of wing-coupling apparatuses in Homoptera: fore-and hindwing folds (e.g., Cicadidae), forewing fold and a single hindwing hamulus (e.g., Psyllidae), and a forewing fold coupled with several hindwing hamuli (e.g., Aphididae). A recent scanning electron microscope (SEM) study of wing-coupling apparatuses in 33 auchenorrhynchan insects showed that these apparatuses could be used as taxonomic characters at the generic level for 15 auchenorrhynchan families (DÕUrso and Ippolito 1994) . Their SEM observations support the value of wing-coupling apparatuses for familial determinations proposed by Chu (1971) and Wood (1979) . In contrast to the detailed information available on the wing-coupling apparatuses in the suborder Auchenorrhyncha, information on the suborder of Sternorrhyncha is fragmentary, although the Þrst report of aphid hindwing hamuli was over a century ago (Buckton 1875) . Buckton (1875) described the hindwing hamuli as "a compound hooklet Þxed on the coastal margin of each lower wing." He also observed that the hindwing hamuli coupled with "the thickening of the posterior margin" of the forewing during aphid ßight. Ni and Johnson (1998) reported that the wing-coupling apparatus of the Russian wheat aphid [Diuraphis noxia (Mordvilko)] is composed of a forewing fold and a set of the spiralshaped hindwing hamuli. The SEM micrographs (Ni and Johnson 1998) contradicted the previous light microscopy description reported by Buckton (1875) and Pesson (1951) . The hindwing hamuli of D. noxia are in spiral-shaped, but not "hooklets" or Þsh hooklike structures as had been described previously using light microscopy (Buckton 1875 , Pesson 1951 .
Therefore, the objective of the current study was to examine the wing-coupling mechanism of Þve species of aphids commonly found infesting cereal plants. We present the results of a comparative SEM study of the wing-coupling apparatuses from these Þve cereal aphids: western wheat aphid, Diuraphis tritici (Gillette); corn leaf aphid, Rhopalosiphum maidis (Fitch); bird cherry-oat aphid, Rhopalosiphum padi (L.); greenbug, Schizaphis graminum (Rondani); and the English grain aphid, Sitobion avenae (F.).
Materials and Methods
Aphid Sources. Four species of aphids, D. tritici, R. maidis, R. padi, and S. graminum, were obtained from laboratory colonies. These laboratory colonies were originally established from Þeld-collected aphids near Aberdeen, ID, Sitobion avenae was collected from volunteer wheat near Bozeman, MT, in the fall of 1994, and identiÞed using Stoetzel (1987) and Pike et al. (1990) . Aphid colonies were maintained on ÔNewanaÕ spring wheat, Triticum aestivum L., except R. maidis, which was reared on ÔBowmanÕ barley, Hordeum vulgare L. Both aphid and plant colonies were kept in a growth chamber at 21 Ϯ 1ЊC, 50% RH, and a photoperiod of 14:10 (L:D) h. Additional of S. graminum alates used in the examination were kindly provided by J. Burd (USDA-ARS, Stillwater, OK). Additional R. padi alates were collected from a laboratory colony that had been maintained on ÔStephensÕ wheat. The colony of R. padi was established in the fall of 1996 from aphids collected near Lincoln, NE.
Specimen Preparation and SEM Observation. Both fore-and hindwings of aphids were removed and mounted on aluminum stubs. The wings were coated with 20 nm Au-Pd in a Hummer VII Sputtering System (Anatech, Alexandria, VA). The sputter-coated specimens were observed under a JOEL-6100 scanning electron microscope (JOEL, Japan) with 8 kv at the Image and Chemical Analysis Laboratory, Montana State University, Bozeman, MT, The number of hindwing hamuli was recorded for each wing examined. Only hindwing hamuli were compared because the front-wing folds in the Þve aphid species were similar. Although the spiral-shaped, hindwing hamuli were morphologically similar to D. noxia hamuli, the arrangement (i.e., the number of hamulus rows, and the number of hamuli per row) and the total number of the hamuli varied among the Þve species.
Mean number of hamuli was calculated and compared among the Þve aphid species using GLM procedure of SAS program (SAS Institute 1989). The means were separated using the least signiÞcant difference (LSD) test at ␣ ϭ 0.05.
Results and Discussion
Wing-Coupling Apparatus. The wing-coupling apparatuses of the Þve aphid species were morphologically similar to that described for D. noxia (Ni and Johnson 1998) . Because the forewings of each species consisted of a ventral fold, no further observations were made on the forewing fold and we focused on recording aphid hindwing hamuli. The hamuli of each species were spiral-shaped (or curved twice) structures. Because D. tritici is a relatively high wax-producing species, wax ßakes were found on the spiralshaped hamuli and the wings (Figs. 1 and 2) . The hamuli were coupled with the forewing fold when an aphid was in ßight (Fig. 2) . This is similar to what was observed on the D. noxia wing-coupling apparatus (Ni and Johnson 1998) . Diuraphis tritici hamuli were in a single row (Fig. 2) as we observed in D. noxia. The hamuli on both left (Fig. 3) and right (Fig. 4) hindwings of R. maidis were in a single row, and the hamulus structure was similar morphologically to the other aphids we examined. Rhopalosiphum padi hamuli on both left and right wings were less curved (Figs. 5 and 6) when compared with R. maidis. Examination of a broken hamulus of R. padi (Fig. 5) indicated that it was not hollow. The wing-coupling apparatus on S. graminum hindwings consisted of a single row of spiral-shaped hamuli (Figs. 7 and 8 ) and the number was either symmetric or asymmetric (Figs. 7 and 8) . Sitobion avenae had the most hindwing hamuli among the aphids examined (Figs. 9 and 10) . Sitobion avenae was the only species having more than one row of hamuli at the costal margin of the hindwings (Fig. 9) .
The discrepancy between our SEM observations and previous light microscopy observations (Buckton 1875 , Pesson 1951 ) is the result of higher resolution of scanning electron microscopy than light microscopy. The resolving power of light microscopy is Ϸ1 m and may vary with light sources used for the observation, whereas a realistic resolving power for scanning electron microscopy is in the range of 0.005Ð 0.01 m. In addition to the resolving power, the considerable depth of Þeld is one of the well-known advantages of scanning electron microscopy in the study of insect morphology, whereas light microscopy has very limited depth of Þeld. Thus, the light microscopic description of hamuli (i.e., a Þsh-hook like structure) appears to be an artifact. Based on resolving power alone, it would be impossible to make an accurate light microscopic description of spiral-shaped hamuli with a distal diameter of 0.34 m, less than the 1-m light microscopy resolving power. Our study also supports the statement by Chapman (2000) that the scanning electron microscope has revealed many unimagined intricacies in insect morphology and anatomy.
The number of hindwing hamuli between the right and left wings of an aphid was either symmetric or asymmetric. Ni and Johnson (1998) also observed both symmetric and asymmetric numbers of hamuli on the left and right hindwings of D. noxia. The cause and function of hamulus variations are unknown. Ni and Johnson (1998) speculated that the variation of ham-ulus number between the left and right wings could facilitate two types of aphid ßight behavior. Kring (1972) reported that aphids could ßy either straight to or spiral toward a light source. Thus, it is possible that the symmetric and asymmetric number of aphid hindwing hamuli in an aphid population might have played a role in the variation in ßight behaviors. Further study on the correlation between hamulus variation and ßight behavior and possible seasonal variation of hamulus number would beneÞt our understanding of the aphid colonization process on crop plants. If we could use aphid hamulus variations to predict potential aphid dispersal versus migratory ßight, this information would be valuable for forecasting aphid movement into agricultural crops.
Besides the asymmetric number of hamuli found on the left and right hindwings of individual aphids, the number of hamuli varied signiÞcantly among the Þve cereal aphid species examined (F ϭ 47.39; df ϭ 4, 132; P Ͻ 0.0001). Sitobion avenae had a signiÞcantly higher number of hamuli than the other four species of cereal aphids examined (Table 1) . Diuraphis tritici and R.
padi hindwings had the smallest number of hamuli (2.50, ranging from 1 to 4), whereas S. avenae hindwings had the most hamuli (4.76, ranging between 3 and 7) ( Table 1 ). The mean number of hindwing hamuli within the genus Rhopalosiphum (i.e., R. padi and R. maidis) was not signiÞcantly different. Ni and Johnson (1998) also reported a mean number of 2.71 Ϯ 0.11 hamuli (n ϭ 78, range 2Ð5) on D. noxia, which was not signiÞcantly different from the mean number of D. tritici hamuli (2.53 Ϯ 0.11, range 1Ð 4) ( Table 1) . Thus, the number of hindwing hamuli was similar within a genus as observed in the two species of Diuraphis, as well as in Rhopalosiphum.
Wing-Coupling Mechanism. Because morphological characters are closely related to biological functions, we propose a revision of the aphid wing-coupling mechanism according to our SEM observations. Based on light microscopic observations on Drepanosiphum platanoides (Schrank), the aphid wing-coupling mechanism was described as Þsh hook-like hamuli connected to the anal fold of forewings (Pesson 1951) . We suggest that the wing-coupling mechanism proposed for D. noxia by Ni and Johnson (1998) accurately describes the wing-coupling mechanism for the Þve aphids examined here. The spiral-shaped hamuli on a hindwing slide into the forewing fold when aphids initiate ßight and slide back and forth within The values in the column with same letters were not signiÞcantly different (P Ͼ 0.05) in the LSD test (SAS Institute 1989) .
Diuraphis tritici ϭ western wheat aphid; Rhopalosiphum maidis ϭ corn leaf aphid; Rhopalosiphum padi ϭ Bird cherry-oat aphid; Schizaphis graminum ϭ greenbug; and Sitobion avenae ϭ English grain aphid. the forewing fold during ßight. At the end of a ßight, the hamuli slide (or retract) out of the forewing folds as the aphid is folding its wings dorsally. The distal ends of the spiral-shaped hamuli collectively form a semitubular structure that allows the hamuli to move more ßexibly than would a Þsh hook-like structure. In addition, it is less likely that the spiral-shaped hamuli could be uncoupled or damaged during ßight as compared with a Þsh hook-like structure.
Taxonomic Implications of the Hamuli. Taxonomic schemes developed by Bö rner and Heinze (1957) and Shaposhnikov (1964) were based on aphid morphological characters (e.g., antenna, siphunculi, and cauda) other than hindwing hamuli. These schemes have been widely accepted in aphid taxonomy (Blackman and Eastop 1984, Ilharco and van Harten 1987) . The two taxonomic schemes summarized in Table 2 were used to test the taxonomic value of hindwing hamuli in separation of the four aphid genera. Both arrangement and the number of aphid hindwing hamuli supported each taxonomic scheme at the subfamily level in Bö rner and HeinzeÕs (1957) scheme and at the tribe and subtribe levels in ShaposhnikovÕs (1964) scheme. The correlation between the taxonomic schemes and aphid hindwing hamuli suggests that these structures could potentially be used in the identiÞcation of aphids to subfamily, tribe, and subtribe. The arrangement of the hamuli could be useful as a character for subfamily Dactynotinae identiÞcation in Bö rner and HeinzeÕs (1957) scheme or as a character for subtribes Anuraphidina and Macrosiphina separation in ShaposhnikovÕs (1964) scheme (Table 2) . DÕUrso and Ippolito (1994) examined the wing-coupling apparatuses of 15 auchenorrhynchan families and found the wing-coupling apparatuses were useful in genus identiÞcation within Auchenorrhyncha as well.
However, hamuli had little value in genus and species identiÞcation of Schizaphis, Rhopalosiphum, and Diuraphis. It was difÞcult to separate Schizaphis and Rhopalosiphum based on the number of hindwing hamuli, and impossible to separate the two species within either genus Rhopalosiphum or Diuraphis using the hamuli as the only morphological character. The generic similarity of the hindwing hamuli suggests that the hamulus structures have little taxonomic value for species identiÞcation.
